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TITLE OF THE INVENTION 


MOLD FOR PRODUCING SILICON INGOT AND 
METHOD FOR FABRICATING THE SAME 


BACKGROUND OF THE INVENTION 


Field of the Invention 

The present invention relates to a mold for producing a silicon ingot for use in producing 
a polycrystalline silicon ingot to be used for a silicon substrate for a photovoltaic solar cell, and 
to a method for fabricating the same. The present invention especially relates to a mold for 
producing a silicon ingot having an inner silica layer, or an inner silica layer and outer silica 
layer, being free from crack due to inner stress caused by cooling after solidification of the 
molten silicon, and a method for fabricating the same. 

Description of the Related Art 

A quartz mold or a graphite mold has been used as a mold for producing a silicon ingot. 
The quartz mold is fabricated by the steps comprising: preparing fused silica powder, filling the 
fused silica powder into a cavity of a graphite mold comprising an inner mold and outer mold 
having a cavity with the same shape as the mold; rotating the outer mold while firing a bumer 
flame on the fused silica powder adhered on inner side wall of the outer mold after removing the 
inner mold; and forming the silica powder into a mold shape while the powder is melting. The 
cross section of the conventional quartz mold fabricated as described above is shown in Figure 
9. otherwise, the graphite mold is fabricated by assembling graphite plates. Because 
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detachability of the ingot from the moid is so poor, sometimes causing cracks in the ingot, when 
the mold is directly used after fabrication that the surface of the mold should be treated with an 
inert coating substance. Accordingly, the inside wall of the mold is coated with a slurry prepared 
by mixing a powder of silicon dioxide (SiO,), silicon carbide (SiC), silicon nitride {S\-;N,), or 
5 yttrium oxide (Y,0,) with 4% aqueous polyvinyl alcohol solution as a release agent at a thickness 
of 0.5 mm or less. 

However, the silicon ingot 2 is subjected to heat-shrink when the molten silicon is cooled 
in the quartz mold 1 . Since the siUcon ingot is heat-shrunk along the direction indicated by S in 
Q Figure 9 while remaining to be adhered to the wall face of the quartz mold 1, the outer 

10 ^0 circumference of the silicon ingot 2 suffers a tension at the inner wall of the quartz mold to 

lU 

Iff generate dislocations or cracks due to imier stress inside of the ingot 2. The silicon substrate for 
S use in a photovoltaic solar cell, produced from the silicon ingot having cracks or dislocations, 

9-- 

p inevitably has poor photovoltaic efficiency. 

On the other hand, particles of the release agent freed from the surface of the mold 
1 5 2 penetrate into the molten silicon when the molten silicon is allowed to stand for a long period of 
time in the mold coated with the release agent. Consequently, a silicon substrate with excellent 
photovoltaic conversion efficiency can not be obtained because particles of the release agent are 
enveloped into the silicon ingot produced using the mold coated with the release agent. 

Meanwhile, producing a high purity silicon ingot with a more reasonable production cost 
20 is crucial cost down requirements for silicon substrate production. 

QT TTVIM AR Y OF THF INVENTION 
Accordingly, the object of the present invention is to provide a silicon ingot with fewer 
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cracks, dislocations and no release agent with reasonable cost than the ingot produced by using 
the conventional quartz mold. 

In one aspect, the present invention provides a mold for producing a silicon ingot having 
a layered structure comprising an inner silica layer containing at least one layer in which a fused 
silica powder with a particle size of 100 fu,m or less and fine fiised silica sand with a particle size 
of 1 00-300 yum is joined with a silica binder, and an outer silica layer containing at least one layer 
in which a fused silica powder with a particle size of 100 //m or less and coarse fused silica sand 
with a particle size of 500-1500 //m is bonded with a silica binder. 

In accordance with another aspect, the present invention provides a method for fabricating 
a mold for producing a silicon ingot having an inner silica layer and an outer silica layer 
comprising the steps of: 

forming a slurry layer on the surface of a wax mold by dipping, followed by lifting up, 
the wax mold having the same shape as that of the inner shape of the mold for producing a silicon 
ingot into a slurry comprising fused silica powder and colloidal silica, followed by forming an 
inner stucco layer by sprinkling fine fused silica sand with a particle size of 100-300 fu.m on the 
surface of the slurry layer; 

forming an outer stucco layer on the inner stucco layer by sprinkling coarse fused silica 
sand with a particle size of 500-1500 //m on the surface of the slurry layer after forming the 
slurry layer by further dipping, followed by lifting up, the wax mold on which the inner stucco 
layer has been formed into a slurry comprising the fused silica powder and colloidal silica; and 
heat-melting and eliminating the wax mold along with baking the inner stucco layer and 
outer stucco layer. 


BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 denotes an illustrative cross section of the mold for producing a silicon ingot 
according to the present invention. 

Figure 2 denotes an illustrative cross section showing the solidified silicon ingot by 
5 cooling after injecting a molten silicon into the mold for producing a silicon ingot according to 
the present invention. 

Figure 3 denotes an illustrative cross section of the mold for producing a silicon ingot 
according to the present invention. 
P Figure 4 denotes a horizontal cross section of the mold for producing a silicon ingot 

10 i.i according to the present invention having an inner space in the mold at an arbitrary height. 
If! Figure 5 denotes an illustrative cross section of the mold for producing a silicon ingot 

according to the present invention. 

Figure 6 denotes an illustrative cross section showing the solidified silicon ingot by 

ly 

cooling after injecting a molten silicon into the mold for producing a silicon ingot according to 
1 5 H the present invention. 

Figure 7 denotes an illustrative cross section of the mold for producing a silicon ingot 
according to the present invention. 

Figure 8 denotes an illustrative cross section showing the solidified silicon ingot by 
cooling after injecting a molten silicon into the mold for producing a silicon ingot according to 
20 the present invention. 

Figure 9 denotes an illustrative cross section showing the solidified silicon ingot by 
cooling after injecting a molten silicon into the conventional mold for producing a silicon ingot. 
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DESCRIPTION OF THE PREFERRED EMBODTMKNT 
The mold 5 for producing a silicon ingot as shown in the cross section in Figure 1 has a 
layered structure comprising an inner silica layer 3 containing at least one layer in which a fused 
silica powder (not shown in the drawing) with a particle size of 100 /^m or less and a fine fused 
5 silica sand 3 1 with a particle size of 100-300 /^m are joined with a binder, and an outer silica 
layer 4 containing at least one layer in which a fused silica powder with a particle size of 1 00 jum 
or less and a coarse fused silica sand 41 with a particle size of 500-1500 jum is bonded with a 
silica binder. The inner silica layer 3 containing the fused silica sand 3 1 having fine particle size 
is readily released from the outer silica layer 4 containing silica sand 41 having coarse particle 
10 |y size. The inner silica layer 3 is released from the outer silica layer 4 by being adhered to the 

in 

in silicon ingot 2 when the periphery of the silicon ingot 2 is pulled toward the inner wall face of 
the mold as shovm in Figure 2 by shrinkage of the mold while the molten silicon poured into the 

f kJ 

p cavity of the mold 5 for producing the silicon ingot is cooled after solidification. Accordingly, 

fU 

,p neither inner stress nor cracks and dislocations as seen in the ingot obtained using the 

15 conventional mold occur in the solidified silicon ingot. 

The mold for producing a silicon ingot - having a layered structure comprising an inner 
silica layer 3, containing at least one layer in which the fused silica powder (not shown in the 
drawing) with a particle size of 100 fxm or less and the fine fused silica sand 3 1 with a particle 
size of 100-300 jum are joined with a binder, and an outer silica layer 4 containing at least one 

20 layer in which the fused silica powder with a particle size of 100 jum or less and the coarse fused 
silica sand 41 with a particle size of 500-1500 yum is bonded with a silica binder - is tapered from 
the bottom toward the opening so that the opening area becomes larger than the bottom area as 
shown in the cross section in Figure 3. Because the stress generated in the silicon ingot is more 
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reduced, a large grain size silicon ingot with few cracks and dislocations can be produced. 

The inner space of the mold for producing the silicon ingot - having a layered structure 

comprising the inner silica layer 3 containing at least one layer in which the fused silica powder 
(not shown in the drawing) with a particle size of 100 ^m or less and the fine fused silica sand 
31 with a particle size of 100-300 f^m are bonded with a binder, and an outer silica layer 4 
containing at least one layer in which the fused silica powder with a particle size of 100 or 
less and the coarse fused silica sand 41 with a particle size of 500-1500 is bonded with a 
silica binder - may have not only a circular cross section but also a polygonal cross section. 

3 Since the coarse fused silica sand never makes a direct contact with the molten silicon. 


^0 iu^ 


'° used fused silica sand or a low purity fused silica sand may be used. 


•5 Since the released silica sand has a smaller specific gravity than the molten silicon, the 

released to outside as SiO gas by reacting with the molten silicon after being separated 


^0 former is 

h on the surface of the molten silica, leaving no defects within the silicon ingot. 
= H The mold for producing the silicon ingot, based on the concept as hitherto described, has 

1 5 5 a layered structure comprising an inner silica layer containing at least one layer in which a fused 
silica powder with a particle size of 100 /.m or less and a fine fused silica sand with a particle 
size of 1 00-300 f^m is bonded with a silica binder, and an outer silica layer containing at least one 
layer in which a fused silica powder with a particle size of 100 or less and a coarse fused 
silica sand with a particle size of 500-1 500 /xm is bonded with a silica binder. 

The wall face of the inner space of the mold for producing a silicon ingot is tapered from 
the bottom to the opening so that the opening area becomes larger than the bottom area. 

The mold for producing a silicon ingot has an inner space whose horizontal cross section 
assumes a circle or a polygon. 
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The wall face of the inner space of the mold for producing a silicon ingot is tapered from 
the bottom toward the opening so that the opening area becomes larger than the bottom area and 
the mold has an inner space whose horizontal cross section assumes a circle or a polygon. 

The method for fabricating a mold for producing a silicon ingot, based on the concept as 
5 hitherto described, having an inner silica layer and an outer silica layer comprises the steps of: 
forming a slurry layer on the surface of a wax mold by immersing, followed by lifting up, 
the wax mold having the same shape as that of the inner space of the mold for producing a silicon 
ingot into a slurry comprising fused silica powder and colloidal silica, followed by forming an 
inner stucco layer by sprinkling a fine fused silica sand with a particle size of 1 00-300 jum on the 
1 0 |y surface of the slurry layer; 

^5 forming an outer stucco layer on the inner stucco layer by sprinkling the coarse fused 

^ silica sand with a particle size of 500-1500 jum on the surface of the slurry layer after forming 
IQ the slurry layer by further dipping, followed by lifting up, the wax mold on which the irmer 

ru 

.p stucco layer has been formed into a slurry comprising the fused silica powder and colloidal silica; 

P 

15^'^^ and 

heat-melting and eliminating the wax mold along with by baking the inner stucco layer 
and outer stucco layer. 

The method for fabricating a mold for producing a silicon ingot having an inner silica 
layer and an outer silica layer comprises the steps of: 
20 forming a slurry layer on the surface of a wax mold by dipping, followed by lifting up, 

a wax mold having the same shape as that of the inner shape of the mold for producing a silicon 
ingot into a slurry comprising a fused silica powder and a colloidal silica, at least one layer of 
an inner stucco layer being formed by applying at least one process for forming the inner stucco 
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layer by sprinkling a fine fused silica sand with a particle size of 100-300 on the surface of 
the slurry layer; 

forming at least one outer stucco layer on the inner stucco layer by applying at least one 
process for forming an outer stucco layer by sprinkling the coarse fused silica sand with a particle 
size of 500-1 500 ixm on the surface of the slurry layer after forming the slurry layer by further 
dipping, followed by lifting up, the wax mold on which the inner stucco layer has been formed 
into a slurry comprising the fused silica powder and colloidal silica; and 

heat-melting and eliminating the wax mold along with baking the inner stucco layer and 
outer stucco layer. 

In the method for fabricating a mold for producing a silicon ingot as hitherto described, 
the wall face of the wax mold is tapered from the bottom toward the top so that the top area 
becomes larger than the bottom area. 

In the method for fabricating a mold for producing a silicon ingot, the wall face of the 
wax mold is tapered from the bottom toward the top so that the top area becomes larger than the 
bottom area and the wax mold has a horizontal cross section assuming a circle or a polygon. 

The particle size of the fused silica sand contained in the inner layer of the mold for 
producing a silicon ingot according to the present invention was limited to 100 /.^m or less 
because the ftised silica powder mixed with the colloidal silica is precipitated and it becomes 
difficult to uniformly disperse the fused silica powder when the fiised silica powder has a coarse 
particle size of 1 00 lum or more. 

The particle size of the fine fused silica sand contained in the inner silica layer is limited 
in the range of 100-300 ^^m because the inner silica layer becomes difficult to release from the 
outer silica layer when the fine silica sand has a particle size as coarse as more than 300 ij.m 
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while, when the fine fused siUca sand contained in the inner layer has a particle size as fine as 
less than 50 /.m, the inner silica layer becomes so readily peeled that it is released while 
producing the mold. In addition, the particle size of the coarse fiised silica sand contained in the 
outer silica layer of the mold for producing a silicon ingot according to the present invention is 
5 limited in the range of 500-1 500 ^m because, when the coarse fiised silica sand has a particle size 
as coarse as more than 1500 /.m, the specific gravity of the mold is decreased thereby lowering 
its strength while, when the coarse fiised silica sand has a particle size as fine as less than 500 
Mm, the strength of tlie outer silica layer is lowered along with deteriorating detachability of the 
outer silica layer from the inner silica layer 
lOy As shown in Figure 3, the mold for producing the silicon ingot according to the present 

^ invention has a layered strucmre comprising an inner silica layer containing at least one layer in 
which a fused silica powder with a particle size of 1 00 /.m or less and a fine fiised silica sand 

y with a particle size of 100-300 ^m is bonded with a silica binder, and an outer silica layer 

ana 

; y 

I containing at least one layer in which a fiised silica powder with a particle size of 100 /^m or less 
15 and a coarse fiised silica sand with a particle size of 500-1500 f,m is bonded with a silica binder. 
It is preferable to provide a taper angle 6 at the wall face of the inner shape of the mold for 
producing the silicon ingot from the bottom toward the opening so that the opening area becomes 
larger than the bottom area since the grain size can be developed coarse during solidification of 
the molten silicon owing to an expanded cross section at the solidification boundary. The taper 
20 angle is preferably in the range of 1 -5 °C. 

It is preferable that the inner silica layer, containing at least one layer in which a fiised 
silica powder with a particle size of 100 /.m or less and a fine fiised silica sand with a particle 
size of 100-300 /^m is bonded with a silica binder, has a thickness that allows the inner silica 
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layer to be released by shrinking of the silicon ingot during solidification. The preferred 
thickness is in the range of 0. 1-5 mm. Also, the outer silica layer, containing at least one layer 
in which the flised silica powder with a particle size of 100 ^xm or less and the coarse ftised silica 
sand with a particle size of 500-1500 ^m are bonded with a binder, is required to have a 
thickness of about 5 mm for maintaining the strength of the mold in producing the silicon ingot. 
However, since too thick layer results in high production cost, the practical thickness is 
preferably in the range of 3-20 mm. 

The inner silica layer constructing the mold for producing the ingot according to the 
present invention is formed by forming a slurry layer on the surface of a wax mold by dipping, 
followed by lifting up, a wax mold having the same shape as that of the inner shape of the mold 
for producing a silicon ingot into a slurry comprising a fiased silica powder and colloidal silica, 
at least one layer of the inner stucco layer being formed by applying at least one process for 
forming the inner stucco layer by sprinkling the fine fused silica sand with a particle size of 100- 
300 fxm on the surface of the slurry layer. The outer silica layer constructing the mold for 
producing the ingot according to the present invention is formed by forming at least one outer 
stucco layer on the inner stucco layer by applying at least one process for forming an outer stucco 
layer by sprinkling the coarse fused silica sand with a particle size of 500-1 500 fim on the surface 
of the slurry layer after forming the slurry layer by further dipping, followed by lifting up, the 
wax mold on which the inner stucco layer has been formed with a slurry comprising the fused 
silica powder and colloidal silica. 

The inner shape of the mold for producing the silicon ingot according to the present 
invention can be not only fabricated to be a conventional circle, but also to be polygonal in its 
horizontal cross-secfion at an arbitrary height of the mold for producing the silicon ingot as 
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shown in Figure 4. 

The mold for producing the silicon ingot according to the present invention having a 
space with an arbitrary size and shape of the mold (for example, a circular column, a hexagonal 
column, a cubic or a rectangular column) is fabricated by the steps comprising: fabricating a wax 
5 mold having an arbitrary size and shape (for example, a circular column, a hexagonal column, 
a cube and a rectangular column); forming a slurry layer on the surface of the wax mold by 
dipping, followed by lifting up, the wax mold into a slurry comprising a fused silica powder with 
a particle size of 100 /urn or less and a colloidal silica; sprinkling a fine fused silica sand with a 
v« particle size of 100-300 jum on the surface of the slurry layer; forming an inner silica layer by 

^5 " 

1 0 , y apply mg at least one process for forming an outer stucco layer; forming a surface slurry layer of 

in 

in the inner silica layer by dipping, followed by lifting up, the wax mold (having a shape of a 
circular column, hexagonal column, cube or rectangular column) after forming the inner silica 

to '^^^^ ^^^^ ^ ^'""^ comprising fused silica powder with a diameter of 1 00 jum and colloidal silica; 

fU 

sprinkling coarse fused silica sand with a particle size of 500-1500 /^m on the surface of the 
1 5 1^ slurry layer; and forming the outer silica layer by applying at least one process for forming the 
stucco layer. 

The inner shape of the silicon ingot having a square or rectangular cross section can be 
obtained by using the mold for producing the silicon ingot with a cubic or rectangular column 
inner shape according to the present invention. Using the silicon ingot having a square or 
20 rectangular cross section especially for producing a square or rectangular silicon substrate of the 
photovoltaic solar cell allows the expensive silicon ingot to be effectively utilized. When the 
square or rectangular silicon substrate for use in the photovoltaic solar cell is produced from the 
conventional rod-shaped silicon ingot, a silicon disk is firstly produced from the rod-shaped 
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silicon ingot followed by cutting four comers off the silicon disk to form into a square or 
rectangular silicon substrate for the photovoltaic solar cell, wasting the cut-off portions from the 
disk. However, when the silicon ingot has a square or rectangular cross section, the silicon plate 
obtained by sHcing the silicon ingot also has a square or rectangular shape, thereby extremely 
saving the cut-off proportion for producing the square or rectangular silicon substrate for the 
photovoltaic solar cell enabling to save production costs. 

According to the results obtained by the inventors of the present invention, a cheap 
graphite mold or quartz mold may be used as an outermost core of the mold. A layer comprising 
an inner silica layer containing at least one layer in which the fused silica powder with a particle 
size of 100 jum or less and the fine fused silica sand with a particle size of 100-300 jum are 
bonded with a binder, or a layer comprising the foregoing inner silica layer and an outer silica 
layer containing at least one layer in which the fused silica powder with a particle size of 100 jum 
or less and the coarse fused silica sand with a particle size of 500-1500 jum are bonded with a 
binder, may be formed on the inner face of the graphite or quartz mold described above. Since 
the graphite mold or the quartz mold serves as a reinforcing outermost core when it is used as an 
outermost core, the foregoing inner silica layer or a layer comprising the inner silica layer and 
outer silica layer may be used as an inner layer on the inner face of the graphite mold or quartz 
mold. 

As shown in the cross section in Figure 5, the silicon ingot, produced by using a graphite 
ingot 1 1 whose inner side is coated with an inner silica layer 3 containing the fused silica powder 
(not shown in the drawing) with a particle size of 100 jum or less and the fine fused silica sand 
31 with a particle size of 100-300 //m, has a purity comparable to the purity of the silicon ingot 
produced by using the quartz mold, making it possible to obtain a silicon ingot using the graphite 
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ingot having a photovoltaic conversion efficiency as excellent as that of the silicon ingot 
produced by using a quartz mold. ' 

The inner silica layer 3 containing the fine fused silica sand 3 1 is readily released from 
the inner wall of the graphite mold 1 1 in the mold for producing the silicon ingot having the inner 
5 silica layer 3 as shown by the cross section in Figure 5. Accordingly, a peeled portion B appears 
as shown in the cross section in Figure 6 by allowing the periphery of the silicon ingot 2 to be 
pulled by the inner wall of the mold when the solidified silicon ingot shrinks by cooling after the 
molten silicon is poured into the mold for producing the silicon ingot, thereby leaving no inner 
[3 stress in the silicon ingot 2. Accordingly, the ingot produced as described above never suffers 

* s=? 

lO^ from cracks due to stress as seen in the ingot produced by using a conventional quartz ingot. 

In 

|| The silicon ingot, produced by using the graphite mold in which a layer having an outer 

't 

silica layer 4 containing the fused silica powder (not shown in the drawing) having a particle size 
j| of 100 f^m or less and the inner silica layer 3 containing the fine ftised silica sand having a 

ry 

particle size of 100-300 jim are formed on the inner side of the graphite mold 1 1 as shown in 

m 

1 5 U Figure 7, has a purity comparable to the purity of the ingot produced by using the quartz mold, 
enabling to produce a silicon substrate having an excellent photovoltaic conversion efficiency 
from the silicon ingot. 

The outer silica layer 4 containing the coarse fiised silica sand 41 is readily released from 
the inner wall of the graphite mold for producing the silicon ingot having the inner silica layer 
3 and outer silica layer 4 as described above. Accordingly, a peeled portion B appears as shown 
in the cross section in Figure 8 by allowing the periphery of the silicon ingot 2 to be pulled by 
the inner wall of the mold when the solidified silicon ingot shrinks by cooling after the molten 
silicon is poured into the mold for producing the silicon ingot, thereby leaving no inner,stress in 


20 
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the silicon ingot 2. 

Both the thicknesses of the inner silica layer and outer silica layer described above may 
be formed in the range as thin as 1.0-5.0 mm since the graphite mold serves as a reinforce core. 
A quartz mold may be used instead of the graphite mold. 

Since the separated silica sand has smaller specific gravity than the molten silicon, the 
silica sand is discharged to outside as SiO gas by reacting with the molten silicon after being 
separated into the surface of the molten liquid, leaving no defects in the ingot behind. 

The present invention based on the findings as described above provides a mold for 
t3 producing a silicon ingot in which an inner silica layer containing fine fused silica sand with a 
''5- narticle size of 100-300 urn is formed on the inner surface of a graphite mold or quartz mold. 

The present invention also provides a mold for producing a silicon ingot in which an 
S inner silica layer containing at least one layer prepared by binding fused silica powder with a 

3' 

i3 particle size of 100 pim or less with fine fused silica sand with a particle size of 100-300 Am is 

Co 

P formed on the inner surface of a graphite mold or quartz mold. 

The present invention also provides a mold for producing a silicon ingot in which an 
outer silica layer containing coarse fused silica sand with a particle size of 500-1500 //m is 
formed on the inner face of a graphite mold or a quartz mold, an inner silica layer containing fine 
fused silica sand with a particle size of 100-300 fj.m being formed on the inner side of the outer 
silica layer. 

The present invention also provides a mold for producing a silicon ingot in which an 
outer silica layer containing at least one layer prepared by joining fused silica powder with a 
particle size of 100 or less and coarse fused silica sand with a particle size of 500-1 500 fxm 
with a silica binder is formed on the inner face of a graphite mold or quartz mold, an inner silica 


f1 
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layer containing at least one layer prepared by joining fused silica powder with a particle size of 
100 /xm or less and fine fused silica sand with a particle size of 100-300 jum with a silica binder 
being formed on the outer silica layer. 

The present invention al so provides a mold for producing a silicon ingot in which the 
wall face of the mold is tapered from the bottom toward the opening so that the opening area 
becomes larger than the bottom area. 

The present invention also provides a mold for producing a silicon ingot in which the 
horizontal cross section of the mold has an inner space assuming a circle or a polygon. 

The present invention also provides a mold for producing a silicon ingot in which the wall 
face of the mold is tapered from the bottom toward the opening so that the opening area becomes 
larger than the bottom area and the horizontal cross section of the mold has an inner space 
assuming a circle or a polygon. 

The present invention provides a method for fabricating a mold for producing a silicon 
ingot, wherein a stucco layer is formed by sprinkling, followed by baking, fine fused silica sand 
with a particle size of 100-300 jum on the surface of a slurry layer after forming the slurry layer 
on the inner face of the mold by coating or spraying the slurry comprising fused silica powder 
with a particle size of 100 fxm or less and colloidal silica on inside of a graphite mold or a quartz 
mold. 

The present invention also provides a method for fabricating a mold for producing a 
silicon ingot comprising the steps of: 

forming an outer stucco layer by sprinkling coarse fused silica sand with a particle size 
of 500-1500 /u.m on the surface of a slurry layer after forming the slurry layer on the inner face 
of the mold by coating or spraying a slurry comprising fused silica powder with a particle size 
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of 100 Aim or less and colloidal silica on inside of a graphite mold or a quartz mold; and 

forming a stucco layer by sprinkling, followed by baking, fine fused silica sand with a 
particle size of 100-300 /urn on the surface of the slurry layer after forming the slurry layer by 
further coating or spraying the slurry comprising fused silica powder with a particle size of 100 
5 ixm or less and colloidal silica on the outer stucco layer. 

The present invention also provides a method for fabricating a mold for producing a 
silicon ingot in which the wall face of the graphite mold or the quartz mold is tapered from the 
bottom toward the opening so that the opening area becomes larger than the bottom area. 
C3 The present invention also provides a method for fabricating a moid for producing a 

1 0 silicon ingot in which the horizontal cross-section of the graphite mold or the quartz assumes a 

Id 

1^ circle or a polygon. 

The present invention also provides a method for fabricating a mold for producing a 

a ■ 

P silicon ingot in which the inner wall face of the graphite mold or the quartz mold is tapered from 
the bottom toward the opening so that the opening area becomes larger than the bottom area and 

1 5 |i the horizontal cross-section of the graphite mold or the quartz mold assumes a circle or a 
polygon. ; 

The inner silica layer of the mold for producing the silicon ingot according to the present 
invention can be formed by the steps comprising: forming a slurry layer on the inner surface of 
the quartz mold or graphite mold by coating or spraying a slurry comprising a fused silica 

20 powder with a mean particle size of 100 //m or less and colloidal silica; and applying one or a 
plurality of the stucco forming process by sprinkling, followed by baking, a fine fused silica sand 
with a particles size of 100-300 fxmon the inner surface of the slurry layer to form a stucco layer. 
Forming the stucco layer on the slurry coating layer comprising fused the silica powder and silica 
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slurry by spraying the fine fused silica sand allows defect generation that have been appeared by 
coating the conventional release agent to be avoided. 

The particle size of the fused silica sand contained in the inner silica layer is limited to 
1 00 or less in the mold for producing the silica ingot according to the present invention 
5 because, when the fused silica powder has a particle size as coarse as more than 100 /.im, it 
becomes difficult to uniformly sprinkle the powder since the fused silica powder mixed with the 
colloidal silica is precipitated. Likewise, the particle size of the fine fused silica sand contained 
in the inner silica layer is limited within the range of 100-300 fxm because, when the fine fused 

^5 silica sand has a particle size as coarse as more than 300 jum, the surface roughness of the inner 

hU 

1 0 ly silica layer becomes too large while, when the fine fused silica sand has a particle size as fine as 

m 

in less than 100 /um, the inner silica layer is insufficiently released from the mold as well as making 
it impossible to maintain a sufficient thickness. 

s ■ 

O 

The mold for producing the silicon ingot according to the present invention can be also 

fU 

*E fabricated through the steps comprising: forming a slurry layer by coating or spraying a slurry 
1 5 ^^"^ comprising a fused silica powder with a particle size of 1 00 /um or less and a colloidal silica on 
the inner face of the graphite mold or quartz mold; applying one or a plurality of stucco layer 
forming processes by sprinkling a coarse fused silica sand with a particle size of 500-1500 jum 
on the surface of the slurry layer; forming a slurry layer by coating or spraying a slurry 
comprising a fused silica powder with a particle size of 1 00 /um or less and a colloidal silica on 
20 the inner surface of the graphite mold on the stucco layer; applying one or a plurality of stucco 
layer forming processes by sprinkling, followed by baking, a fine fused silica sand with a particle 
size of 100-300 /xm on the surface of the slurry layer. A thick outer silica layer can be formed 
by sprinkling the coarse fused silica sand, allowing a layer comprising the outer silica layer and 
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inner silica layer to be formed within a short period of time along with allowing the inner silica 
layer to be thin. Although a thick and strong outer silica layer can be more simply formed as the 
particle size of the coarse fused silica sand to be sprinkled on the surface of the slurry layer is 
larger, the surface of the outer silica layer becomes too rough when the particle size of the coarse 
fused silica sand contained in the outer silica layer of the mold for producing the silicon ingot 
is as coarse as more than 1500 /urn, adversely affecting smoothness of the inner silica layer. 
When the particle size of the coarse fused silica sand contained in the outer silica layer is as fine 
as less than 500 //m, on the other hand, a strong and thick outer silica layer can not be so easily 
p formed. 

|y 

In EXAMPLES 

in 

'l. Example 1 

A wax mold with a diameter of 250 mm and a height of 1 00 mm was prepared, A binder 

o 

f y comprising 30% by volume of super-fine fused silica powder with a particle size of 1 00 A or less 
p and a balance of water (referred to as a colloidal silica hereinafter) was also prepared to produce 
a slurry by mixing 200 parts of the colloidal silica with 200 parts of the fused silica powder with 
a particle size of 40 jj^m. The wax mold above was dipped into the slurry obtained, followed by 
lifting up, to form a slurry layer on the surface of the wax mold. Fine fused silica sand with a 
particle size of 150 /j.m was sprinkled on the surface of the slurry layer. This process was 
repeated three times to form a stucco layer, thereby forming an inner stucco layer comprising 
three layers with a combined thickness of 3 mm on the surface of the wax mold. 

The wax mold on the surface of which the inner stucco layer was formed was dipped into 
the foregoing slurry again, followed by lifting up, to form a slurry layer on the surface of the 
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inner stucco layer of the wax mold. Coarse fused silica sand with a particle size of 1000 //m was 
sprayed on the surface of the slurry layer and, by forming stucco layers by repeating the above 
process eight times, an outer stucco layer comprising eight layers with a combined thickness of 
8 mm was formed on the surface of the wax mold. 

Then, the wax mold whose inner surface was coated with the inner stucco layer and outer 
stucco layer was removed by allowing the wax to melt by heating aflOO°C. The layered body 
obtained comprising the inner stucco layer and outer stucco layer was baked by keeping at a 
temperature of 800 °C for 2 hours, producing a mold for producing the silicon ingot according 
to the present invention comprising the inner silica layer and outer silica layer (referred to as a 
mold according to the present invention hereinafter). 

A molten silicon held at a temperature of 1500°C was poured into the mold 1 according 
to the present invention and was cooled at a cooling rate of 1 °K/sec., producing a columnar 
silicon ingot by removing the ingot from the mold 1 according to the present invention. Presence 
of cracks due to stress and the amount of the remaining release agent on the surface of the 
columnar silicon ingot obtained were visually observed. Also, the polycrystalline silicon ingot 
obtained was sliced to produce a silicon substrate with a width of 1 50 mm and a length of 150 
mm for use in the photovoltaic solar cell and the photovoltaic conversion efficiency of the silicon 
substrate was measured. The results of the observation and measurement are summarized in 
Table 1. 

Example 2 

A rectangular, column shaped wax mold with a length of 170 mm, a width of 170 mm 
and a height of 100 mm was prepared. The mold 2 according to the present invention was 
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fabricated by the method as in Example 1 to produce a rectangular column shaped silicon ingot 
by the same method as in Example 1 . Presence of cracks due to stress and the amount of the 
remaining release agent on the surface of the rectangular column shaped silicon ingot obtained 
were visually observed. Also, the polycrystalline silicon ingot obtained was sliced to produce 
a silicon substrate with a width of 1 50 mm and a length of 1 50 mm for use in the photovoltaic 
solar cell and the photovoltaic conversion efficiency of the silicon substrate was measured. The 
results of the observation and measurement are summarized in Table 1 . 


Example 3 

A conical table shaped wax mold with a bottom diameter of 190 mm, a top diameter of 
200 mm and a height of 100 mm whose side face is tapered at an angle of 3 ° was prepared. The 
mold 3 according to the present invention was fabricated using the conical table shaped wax 
mold by the method as in Example 1 to produce a conical table shaped silicon ingot by the same 
method as in Example 1 . Presence of cracks due to stress and the amount of the remaining 
release agent on the surface of the rectangular column shaped silicon ingot obtained were visually 
observed. Also, the polycrystalline silicon ingot obtained was sliced to produce a silicon 
substrate with a width of 150 mm and a length of 150 mm for use in the photovoltaic solar cell 
and the photovoltaic conversion efficiency of the silicon substrate was measured. The results of 
the observation and measurement are summarized in Table 1 . 

Example 4 

A graphite mold with an inner width of 170 mm and inner length of 170 mm, an outer 
width of 190 mm and outer length of 190 nmi, and a depth of 1 50 mm was prepared. Colloidal 
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silica comprising 30% by volume of super-fine fused silica powder and a balance of water was 
also prepared. A slurry was formed by mixing 100 parts of this colloidal silica with 200 parts 
of fused silica powder having a mean particle size of 40 jum. A slurry layer was formed by 
coating the inner face of the graphite mold with the slurry obtained, followed by forming a stucco 
layer by sprinkling the fine fused silica sand with a particle size of 150 Aim on the surface of the 
slurry layer. This process was repeated three times and an irmer silica layer with a combined 
thickness of 2 mm was formed on the inner face of the graphite mold by baking at a temperature 
of 800 °C for two hours, thereby fabricating the mold 4 according to the present invention. 

P A molten silicon kept at a temperature of 1 500 °C was poured into the mold 4 according 

to the present invention to produce a polycrystalline silicon ingot. Presence of cracks due to 

m stress and the amount of the remaining release agent on the surface of the polycrystalline silicon 

III 

ingot obtained were visually observed. Also, the polycrystalline silicon ingot obtained was sliced 

^ to produce a silicon substrate with a width of 150 mm and a length of 150 mm for use in the 

it] 

photovoltaic solar cell and the photovoltaic conversion efficiency of the silicon substrate was 
11 measured. The results of the observation and measurement are summarized in Table 1. 


Example 5 

A slurry layer was formed using the graphite mold and slurry prepared in Example 4 by 
coating the inner face of the graphite mold with the slurry. The coarse fused silica sand with a 
particle size of 1000 /urn was sprinkled on the surface of the slurry layer to form a stucco layer 
by repeating this sprinkling process twice. A slurry layer was additionally formed by coating the 
surface of the stucco layer with the slurry prepared in Example 4. The fine fused silica sand with 
a particle size of 150 yum was sprinkled on the slurry layer to form a stucco layer by repeating 
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this sprinkling process twice, thereby forming a stucco layer containing coarse fused silica sand 
and fine fused silica sand. The graphite mold in which the stucco layer was formed was baked 
at a temperature of 800 °C for 8 hours in an inert gas atmosphere, fabricating the mold 5 
according to the present invention by forming a layer comprising the inner silica layer and outer 
silica layer with a combined thickness of 3 mm on the inner face of the graphite mold. 

A molten silicon kept at a temperature of 1500°C was poured into the mold 5 according 
to the present invention and the mold was cooled at a cooling rate of 0.6°C/sec. to produce a 
polycrystalline silicon ingot. Presence of cracks due to stress and the amount of the remaining 
release agent on the surface of the polycrystalline silicon ingot obtained were visually observed. 
Also, the polycrystalline silicon ingot obtained was sliced to produce a silicon substrate with a 
width of 150 mm and a length of 150 mm for use in the photovoltaic solar cell and the 
photovoltaic conversion efficiency of the silicon substrate was measured. The results of the 
observation and measurement are summarized in Table 1 . 


Conventional Example 1 

For the comparative purpose, a mold prepared by coating Si3N4 on the inner face of the 
graphite mold as prepared in Example 4 was used as a conventional graphite mold. A molten 
silicon kept at a temperature of 1500°C, the molten silicon prepared in Example 4, was poured 
into the conventional graphite mold and the mold was cooled at a cooling rate of 0.6°C/sec., 
producing a polycrystalline silicon ingot by removing the silicon ingot from the conventional 
graphite mold. Presence of cracks due to stress and the amount of the remaining release agent 
on the surface of the polycrystalline silicon ingot obtained were visually observed. Also, the 
polycrystalline silicon ingot obtained was sliced to produce a silicon substrate with a width of 
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150 mm and a length of 150 mm for use in the photovoltaic solar cell and the photovoltaic 
conversion efficiency of the silicon substrate was measured. The results of the observation and 
measurement are summarized in Table 1 . 


5 Conventional Example 2 

For the comparative purpose, a conventional quartz mold with an inner diameter of 240 
mm, an outer diameter of 250 mm and a depth of 1 50 mm was prepared. A molten silicon kept 
at a temperature of 1500°C, the molten silicon prepared in Example 4, was poured into the mold 

p 

and the mold was cooled at a cooling rate of 0.6°C/sec., producing a polycrystalline silicon ingot 
\0\U by removing the silicon ingot from the conventional type quartz mold. Presence of cracks due 

in 

to stress and the amount of the remaining release agent on the surface of the polycrystalline 
^ silicon ingot obtained were visually observed. Also, the polycrystalline silicon ingot obtained 
CO was sliced to produce a silicon substrate with a width of 1 50 mm and a length of 1 50 mm for use 

ry 

='H in the photovoltaic solar cell and the photovoltaic conversion efficiency of the silicon substrate 

13 

15 ^"^ was measured. The results of the observation and measurement are summarized in Table 1 . 
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TABLE 1 


10 


{3 
*0 

^5 in 

S Fi 

UJ 

p 

20 ci 

ru 

C3 


Kind of mold 

Stress Cracks 

Residual release agent 

Photovoltaic conversion 
efficiency (%) 

Mold 1 of the present 
invention 

None 

None 

14.2 

Mold 2 of the present 
invention 

None 

None 

13.9 

IVfnlH '\ of the nre*?ent 
invention 

None 

None 

14.1 

Mold 4 of the present 
invention 

None 

None 

13.9 

Mold 5 of the present 
invention 

None 

None 

14.0 

Conventional graphite 
mold 

None 

Yes 

12.8 

Conventional quartz 
mold 

Yes 

None 

14.2 
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It is evident from the results summarized in Table 1 that the polycrystalline silicon ingot 
produced by using the molds 1 -5 according to the present invention has a better photovoltaic 
conversion efficiency then the polycrystalline silicon ingot using the conventional graphite mold. 
Although the polycrystalline silicon ingot produced by using the molds 1-5 according to the 
present invention has a photovoltaic conversion efficiency comparable to the polycrystalline 
silicon ingot produced by using the conventional quartz mold, using the mold 1-5 according to 
the present invention allov^s production yield of the polycrystalline silicon ingot to be high, being 
free from the residual release agent. 

As hitherto described, the present invention provides a mold for producing a silicon ingot 
with which a polycrystalline silicon ingot having a good photovoltaic conversion efficiency, 
being free from the residual release agent and generating no cracks due to stress can be produced. 
In addition, since a silicon ingot having not only a circular cross section but also a polygonal 
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cross section is produced, a square or rectangular silicon substrate such as a silicon substrate for 
use in the photovoltaic solar cell can be produced with no waste of the silicon ingot, being 
effective for mass production and cost down of the silicon substrate for use in the photovoltaic 
solar cell. 

The disclosure of Japanese priority application No. 10-045460 filed February 26, 1998 
and Japanese priority application No. 10-047449 filed February 27, 1998 are hereby incorporated 
by reference into the present application. 

Obviously, numerous modifications and variations of the present invention are possible 
in light of the above teachings. It is, therefore, to be understood that within the scope of the 
appended claims, the invention may be practiced otherwise than as specifically described herein. 
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